Small intestinal neuroendocrine tumors (SI-NETs), formerly known as midgut carcinoids, are rare and slow-growing neoplasms. Frequent loss of one copy of chromosome 18 in primary tumors and metastases has been observed. The aim of the study was to investigate a possible role of TCEB3C (Elongin A3), currently the only imprinted gene on chromosome 18, as a tumor suppressor gene in SI-NETs, and whether its expression is epigenetically regulated. Primary tumors, metastases, the human SI-NET cell line CNDT2.5, and two other cell lines were included. Immunohistochemistry, gene copy number determination by PCR, colony formation assay, western blotting, real-time quantitative RT-PCR, RNA interference, and quantitative CpG methylation analysis by pyrosequencing were performed. A large majority of tumors (33/43) showed very low to undetectable Elongin A3 expression and as expected 89% (40/45) displayed one gene copy of TCEB3C. The DNA hypomethylating agent 5-aza-2 0 -deoxycytidine induced TCEB3C expression in CNDT2.5 cells, in primary SI-NET cells prepared directly after surgery, but not in two other cell lines. Also siRNA to DNMT1 and treatment with the general histone methyltransferase inhibitor 3-deazaneplanocin A induced TCEB3C expression in a cell type-specific way. CpG methylation at the TCEB3C promoter was observed in all analyzed tissues and thus not related to expression. Overexpression of TCEB3C resulted in a 50% decrease in clonogenic survival of CNDT2.5 cells, but not of control cells. The results support a putative role of TCEB3C as a tumor suppressor gene in SI-NETs. Epigenetic repression of TCEB3C seems to be tumor cell type-specific and involves both DNA and histone methylation.
Introduction
Small intestinal neuroendocrine tumors (SI-NETs) arise from the enterochromaffin cells which are scattered in the intestinal mucosa. The annual incidence of SI-NETs is about one case per 100 000, but the incidence and prevalence rates are increasing. The tumors are small (often !2 cm) and slow growing (Ki67 proliferation index is often !2%), but still have a lethal outcome with a 5-year survival rate around 65% , Norlen et al. 2012 . Many patients have tumor spread to regional lymph nodes and liver at the time of diagnosis. The tumors can produce hormones, e.g. serotonin and tachykinins, which can give rise to the carcinoid syndrome causing flushing, bronchoconstriction, and heart disease (de Herder 2007 , Stålberg et al. 2009 ).
NETs from the gastrointestinal tract (GEP-NET; gastroenteropancreatic NET) were previously divided according to their embryologic origin into foregut, midgut, and hindgut carcinoid tumors. GEP-NET usually develops in the small intestine, especially in the distal ileum. According to the WHO classification system, from year 2010, SI-NETs are divided into three grades (Bosman et al. 2010) ; Grade 1 Neuroendocrine neoplasm (Ki67 !3%), Grade 2 Neuroendocrine neoplasm (Ki67 3-20%), and Grade 3 Neuroendocrine carcinoma (NEC; Ki67 O20%).
The knowledge about genetic and epigenetic aberrations in SI-NETs is sparse. The most common aberration is loss on chromosome 18, which have been seen in 43-100% (Kytola et al. 2001 , Löllgen et al. 2001 , Tonnies et al. 2001 , Stancu et al. 2003 , Wang et al. 2005 , Kim do et al. 2008 , Kulke et al. 2008 , Andersson et al. 2009 , Cunningham et al. 2011 , Walsh et al. 2011 , supporting the presence of a crucial tumor suppressor gene. Mutational analyses of several putative tumor suppressor genes located at 18q21-18q22 revealed no alterations (Löllgen et al. 2001 , Kulke et al. 2008 , Cunningham et al. 2011 . Massively parallel exome sequencing of 48 SI-NETs has revealed a low general mutation rate and no recurrently mutated genes. Amplification of genes AKT1 or AKT2 was observed in tumors from 16 patients . Recent analysis of a different tumor cohort by exome-and whole-genome sequencing (Francis et al. 2013) identified frameshift mutations (7.8%) and hemizygous deletions (14%) in CDKN1B on chromosome 12p13.1-p12, which encodes the cyclin-dependent kinase inhibitor p27 (Kip1). Imprinted genes are of particular interest in cancer since only one mutational hit is required to fulfill the Knudson's two-hit hypothesis of tumor suppressor genes. Imprinted genes are epigenetically regulated and have a parental origin-specific differential expression of the two alleles and the epigenetic regulation is often tissue-specific (Ferguson-Smith 2011 , Uribe-Lewis et al. 2011 . Presently, the only known imprinted gene on chromosome 18 (http://www.geneimprint.com) is TCEB3C (18q21.1), which is maternally imprinted in some tissues (Strichman-Almashanu et al. 2002 , Li et al. 2010 and encompasses a CpG island. Methylation of CpG islands in gene promoter regions often results in repressed gene expression (Jones 2012) . The ubiquitously expressed TCEB3C encodes for Elongin A3, a polypeptide of 546 amino acids which is 49 and 81% identical to Elongin A and Elongin A2, respectively. Not much is known regarding Elongin A3 function, although it can like Elongin A form a stable complex with Elongin BC and stimulate the rate of transcription elongation by RNA polymerase II in vitro. Like Elongin A, Elongin A3 may be involved in ubiquitin-dependent degradation of proteins (Yamazaki et al. 2002) .
This study investigated whether TCEB3C may present a tumor suppressor gene in small intestinal neuroendocrine cells and whether its expression may be regulated by epigenetic mechanisms.
Materials and methods

Tissue specimens
All 42 patients included in the study were diagnosed with SI-NETs and operated upon at Uppsala University Hospital between years 1995 and 2012. Informed consent was obtained from all patients and the study was approved by the local ethical committee, Uppsala. Twenty-nine patients were classified as NET-G1 and 13 as NET-G2. In total 64 tumors were analyzed: 27 primary tumors, 23 lymph node metastases, and 14 liver metastases. Only nine patients had succumbed making survival analysis inconclusive. Primary tumors and metastases were snap-frozen in liquid nitrogen and kept at K70 8C. A human SI-NET cell line, CNDT2.5, developed from a liver metastasis from a patient diagnosed with primary ileal SI-NET (Van Buren et al. 2007) , was used in the experiments reported here at cell passages 10-30. These cells expressed neuroendocrine markers and somatostatin receptor 2 and responded to synthetic somatostatin analog (octreotide) treatment (Van Buren et al. 2007 , Li et al. 2012 , although skepticism regarding the neuroendocrine authenticity of this cell line has also been raised (Ellis et al. 2010) . The growth medium for CNDT2.5 was DMEM-F12 complemented with 10% fetal bovine serum (Sigma Aldrich), 1% vitamins, 1% L-glutamine, 1% sodium pyruvate, 1% nonessential amino acids and 1% penicillin-streptomycin (PEST), and the cells were cultured at 37 8C in 5% CO 2 . Two other cell lines were used for comparisons. The human parathyroid tumor cell line sHPT-1 was used at cell passages 18-30 and the cells were routinely tested for parathyroid hormone expression by immunostaining of cultured fixed cells (Björklund et al. 2007) . The human embryonic kidney cell line HEK293T was obtained from ATCC (LGC, Promochem, Sweden) and used at cell passages 10-30. For extraction and purifying of RNA and DNA the AllPrep DNA/RNA kit (Qiagen) was used according to manufacturer's instructions. DNA, RNA and protein quantities were determined by NanoDrop measurements.
Immunohistochemistry
Paraffin embedded tumor tissue sections (5 mm) were passed through descending alcohol concentrations and distilled water. Background staining was blocked with 3% hydrogen peroxide and heated in citrate buffer. The tissues were treated with normal goat serum and a rabbit polyclonal anti-TCEB3C antibody (ab69873; Abcam, Cambridge, UK). A biotinylated secondary antibody was added to the tissues and then treated with ABC complex. Visualization was done with DAB color reagent. A peptide rabbit polyclonal antiElongin A3 antibody was also used (Santa Cruz, sc-84811) and specificity of the antibody was verified using a blocking peptide (sc-84811P). Fourty-three different tumors were evaluated: 24 primary tumors, 14 lymph node metastases, five liver metastases, and also normal kidney tissue. Consecutive tissue sections of intestinal mucosa were stained with the anti-TCEB3C antibody (Abcam, ab69873) or a mouse monoclonal anti-chromogranin A antibody (Ab-1, LK2H10; Thermo Fisher Scientific, Pittsburgh, PA, USA). ) were transfected with siRNA to DNA methyltransferase 1 (DNMT1) (sc-156049; Santa Cruz) and control nonsilencing siRNA (Qiagen). After 24 h, the cells were transfected again and harvested after 72 h of transfection for DNA, RNA, and protein preparations. The transfection reagent INTERFERin (Polyplus transfection) was used with 20 pmol siRNA. Triplicate samples were analyzed and the experiments were repeated twice.
Drug treatment and transfection
The cells from 11 SI-NETs were prepared directly after surgery according to a procedure described previously (Liu et al. 2001) . Ten liver metastases and one lymph node metastasis were cultured and treated with 0.1 mM 5-aza-dC. Treatment continued for 72 h and fresh 5-aza-dC was added every 24 h. RNA was extracted from treated and control cells.
Western blotting analysis
Western blotting analysis were done on protein extracts prepared in Cytobuster Protein Extract Reagent (Merck Millipore) with Complete protease inhibitor cocktail (Roche Diagnostics GmbH). Primary rabbit polyclonal anti-DNMT1 (ab16632), rabbit polyclonal anti-TCEB3C (sc-84811), and goat polyclonal anti-actin (sc-1616) antibodies were used. Mouse monoclonal anti-DDK (TA50011, Origene, Rockville, MD, USA) antibody was used to detect Elongin A3 expression after transient transfection of the TCEB3C expression vector. After incubation with the appropriate secondary antibodies, bands were visualized using the enhanced chemiluminescence system (GE Healthcare, Piscataway, NJ, USA).
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR (qRT-PCR) was performed after RT of DNA-free RNA with random hexamer primers using the 'First strand cDNA Synthesis kit', according to manufacturer's instructions (Thermo Fisher Scientific). Successful DNase I treatment of all RNA preparations was established by PCR analysis. qRT-PCRs were performed on the Step 1 qRT-PCR system (Applied Biosystems) using TaqMan Gene Expression Master Mix and assays for GAPDH (Hs02758991_g1) and TCEB3C (Hs01015402_s1). All samples were amplified in triplicates, and non-template controls were included. Each sample's mean threshold value was corrected for the corresponding mean value for GAPDH mRNA, used as internal control.
Analysis of gene copy number
Analysis of gene copy number was performed on DNA from the cell lines, normal kidney and 45 tumors; 19 primary tumors, 15 lymph node metastases, and 11 liver metastases. A duplex quantitative real-time PCR was performed with a FAM dye-labeled probe for TCEB3C and with a VIC dyelabeled probe for reference gene detection. Two different assays were used for TCEB3C; CCFARJL and CCD1TDD (Applied Biosystems). RNaseP (Applied Biosystems) was used as reference gene for all samples and for a limited number of tumors, the TERT gene (Applied Biosystems) was used with similar results. PCR conditions were as followed: 95 8C for 10 min, followed by 40 cycles of 95 8C for 15 s and 60 8C for 60 s. Four replicates of each sample were analyzed using 20 ng DNA per well. DNA from placenta and blood from a healthy donor was used as calibrators. Two tumors with known copy numbers from a previous LOH analysis (Löllgen et al. 2001) were included as controls of the quantitative PCR assay and showed the expected results. The data analysis was performed in CopyCaller software (Applied Biosystems).
Pyrosequencing
Promoter methylation status was investigated for seven CpG sites in seven primary tumors and seven lymph node metastases (seven matched pairs), CNDT2.5, sHPT-1, HEK293T, and normal kidney. DNA was treated with bisulfite using EZ DNA methylation Gold Kit (Zymo Research, Irvine, CA, USA) and PCR amplified using HotStarTaq Plus Master Mix kit (Qiagen): 10 pmol of each primer and 2 ml DNA was used as template. PCR was performed with an initial denaturation at 95 8C for 15 min, followed by 45 cycles of 94 8C for 15 s, 51 8C for 20 s, 72 8 for 20 s, and completed with 72 8C for 7 min. Forward primer used was: 5 0 -GTTAAAGGTAGAATTTAGTGGGGTGTG-3 0 , and reverse primer: 5 0 -CCCCCTAAACCCCTAAACTACC-3 0 .
Sequencing primer: 5 0 -GGGGTATAGTAGTTTATTTG.
The pyrosequencing was carried out with PyroMark Q24 (Qiagen), according to manufacturer's instructions, and 20 ml PCR-product was used.
Colony forming assay CNDT2.5 cells (1!10 5 ) were seeded onto six-well plates and transfected in triplicates with 4 mg TCEB3C plasmid expression vector (Origene) or empty vector (pcDNA3.1) using 8 ml Lipofectamine 2000 transfection reagent (Life Technologies), according to manufacturer's instructions. Six hours after transfection, a fresh medium was added complemented with 1% PEST and 0.2 mg/ml geneticin (G418, Sigma Aldrich). After 24 h, 2000 cells were distributed onto six-well plates, a fresh medium with 0.2 mg/ml geneticin was added every 72 h. After 8 days in G418 selection, the cells were fixed with 10% acetic acid/10% methanol and stained with 0.4% crystal violet, and the visible colonies were counted. Successful transfections were monitored by RT-PCR for CNDT2.5 and sHPT-1 and by western blotting analysis for HEK293T, after 24 h. sHPT-1 (2!10 5 ) and HEK293T
(1.5!10 6 ) cells were transfected with the FuGENE 6 transfection reagent (Roche Diagnostics). Twenty four hours after transfection, 1000 sHPT-1 cells and 8000 HEK293T cells were distributed onto six-well plates in triplicates and after additional 24 h a fresh medium with 0.1 mg/ml geneticin was added. A fresh medium with antibiotics were added every 96 h and after 8 days in selection, the cells were fixed, stained, and counted as described above.
Statistical analysis
All data are presented as meanGS.D. and unpaired t-test was used for statistical analysis. P!0.05 was considered significant.
Results
One TCEB3C gene copy and undetectable expression of Elongin A3 for the majority of investigated SI-NETs TCEB3C is considered an ubiquitously expressed gene and Elongin A3 was clearly immunohistochemically stained in chromogranin A-positive cells of the small intestine using a rabbit polyclonal anti-TCEB3C antibody (Fig. 1A) . Elongin A3 expression was further analyzed in 43 SI-NETs (Supplementary Table 1 , see section on supplementary data given at the end of this article) from 29 patients, 24 primary tumors, 14 lymph node metastases, and five liver metastases (Fig. 1B , C, and D). In 12 tumors more than 90% of the cells stained negatively for Elongin A3, in 21 tumors more than 50% of the cells were negative, and in ten tumors more than 50% of the cells showed positive Elongin A3 immunostaining. One patient presented positive staining in the primary tumor, but mostly negative staining in the lymph node metastasis, and another patient had mostly negative tumor cells in the primary tumor and lymph node metastasis, but mostly positive staining in the liver metastasis. There was no difference in staining patterns between Grade 1 (nZ28) and Grade 2 (nZ15) tumors. Thirty-two tumors displayed an insular growth pattern in the whole or in some part of the tissue section. For some of these (nZ14), the majority of insular cells was negative but showed a strong positive staining in the cells surrounding the islets (Fig. 1D) . To control for specificity, a peptide rabbit anti-TCEB3C antibody was used and the staining was successfully blocked by the immunizing peptide (Fig. 1E) . Chromosome 18 aberrations are very common (43-100%) in primary and metastatic SI-NETs, the majority of which have lost the entire chromosome Table 1) . One gene copy of TCEB3C was detected in 40/45 (89%) of the investigated tumor samples (from 36 patients).
These included 19 primary tumors, 15 lymph node metastases, and 11 liver metastases. One primary tumor, one lymph node metastasis, and three liver metastases displayed two gene copies. Twenty-six of the tumors with one detected TCEB3C gene copy were included in the immunostaining analysis and in 13 of these the majority of tumor cells were negative, seven additional samples were completely negative (O90%), and six displayed mostly positive staining for Elongin A3. One primary tumor with two gene copies displayed negative staining, a lymph node metastasis and a liver metastasis displayed two gene copies and in these two tumors the majority of cells were negative but displayed positive areas.
The TCEB3C gene is epigenetically repressed in SI-NETs TCEB3C is known to be imprinted in some tissues (Strichman-Almashanu et al. 2002 , Li et al. 2010 , suggesting a possibility of one allele being epigenetically repressed also in SI-NET cells. In order to investigate this possibility, the human SI-NET cell line CNDT2.5, harboring one TCEB3C gene copy, was treated with the DNA hypomethylating agent 5-aza-dC. The treatment strongly induced TCEB3C mRNA expression (90-fold) as well as increased Elongin A3 expression from a very low level in CNDT2.5 cells ( Fig. 2A  and B) . A role of DNA methylation was further supported by RNA interference experiments, by knocking down DNMT1. Transient transfection of siRNA to DNMT1 (Fig. 2C ), but not of control siRNA, induced both TCEB3C mRNA (4.5-fold) and protein expression ( Fig. 2D and E) . In order to rule out a cell line-specific effect, metastatic SI-NET cells from 11 patients were freshly prepared directly after surgery and cultured in vitro in the presence of 5-aza-dC. The tumor cells had either one or two copies of the TCEB3C gene. Expression of the TCEB3C gene was significantly induced in ten out of the 11 cultures (two-to 16-fold) in the presence of 5-aza-dC (Fig. 2F) , strongly supporting an epigenetic repressive mechanism in SI-NET cells. Next, CNDT2.5 cells were treated with DZNep, a global histone methyltransferase inhibitor. Also this treatment strongly induced TCEB3C mRNA expression (80-fold) and detectably increased Elongin A3 expression ( Fig. 3A and B) . Repressive histone methylations therefore also play a role in repression of TCEB3C in this cell type. We also analyzed the effects of the epigenetic drugs in HEK293T and sHPT-1 cells, both harboring one TCEB3C gene copy. Elongin A3 could readily be detected in sHPT-1 cells by western blotting and approximately ten times more TCEB3C mRNA was expressed in these cells compared with CNDT2.5 cells, and at least ten times more mRNA was expressed in the HEK293T cells (data not shown). 5-aza-dC failed to induce expression of TCEB3C in both cell lines. DZNep showed no effect in sHPT-1 cells and a small but significant effect in the HEK293T cells (Fig. 3C) . Thus, epigenetic repression of TCEB3C seems to be tumor cell type-specific and likely involves both DNA and histone methylation. 
The TCEB3C promoter region is CpG methylated
The TCEB3C gene consists of one exon and is very CpG-rich with large CpG islands. The presence of CpG methylation in the promoter region was first established by bisulfite sequencing (data not shown). Quantitative pyrosequencing then revealed high level (w90%) of CpG methylation in all 14 investigated SI-NETs (Fig. 4A) . As expected, the treatment of CNDT2.5 cells with 5-aza-dC or transfection of siDNMT1 caused a reduction in the mean methylation level, to 56 and 80% respectively (Fig. 4B) . Thus, the expected relationship between induced TCEB3C expression and decreased promoter DNA methylation was observed in these cells. Somewhat unexpected, the TCEB3C promoter was found to be highly methylated (Fig. 4C ) also in the TCEB3C-expressing cell lines, sHPT-1 (91%) and HEK293T (89%). Furthermore, high methylation (89%) was also detected in normal kidney, displaying two gene copies and prominent expression of Elongin A3 (Fig. 4C) . Therefore, the induction of TCEB3C by 5-aza-dC in the SI-NET cell line probably involves demethylation of cell type-specific regulatory elements other than the limited promoter region analyzed in this study. It could also be due to indirect effects.
A growth regulatory role of Elongin A3 in SI-NET cells
To investigate whether TCEB3C could play a growth regulatory role, a colony formation assay was performed with transfection of a TCEB3C expression vector to the CNDT2.5 SI-NET cell line followed by G418 selection of TCEB3C-expressing cells. Overexpression of TCEB3C resulted in a significant reduced number (50%) of cell colonies ( Fig. 5A and B) . No growth inhibitory effect was seen in parathyroid sHPT-1 cells ( Fig. 5C and D) or HEK293T cells ( Fig. 5E and F) . These results support a tumor suppressor role of TCEB3C in SI-NET cells.
Discussion
Not much is known regarding Elongin A3 function, except that it can form a stable complex with Elongin BC and stimulate elongation by RNA polymerase II in vitro, just like Elongin A (Yamazaki et al. 2002) . Elongins B (TCEB2) and C (TCEB1) play an important role in tumor suppression by von Hippel-Lindau (VHL), where the VHL protein binds to the same Elongin BC binding sequence as Elongin A (TCEB3) and among other targets also binds to the a subunits of hypoxia-inducible factor and promote their ubiquitination and proteosomal degradation. More than 70% of VHL familial and sporadic mutations affect the VHL Elongin C binding site (Conaway et al. 1998 , Zhang & Yang 2012 . Elongin A on the other hand can mediate DNA damage-induced ubiquitination and degradation of the largest subunit of RNA polymerase II together with Elongin BC and the Cul5/Rbx2 module (Yasukawa et al. 2008) . Like Elongin A and VHL, Elongin A3 possesses the Elongin C binding sequence and can form a putative ubiquitylation complex with Elongin BC and Cul5/Rbx2 (Yamazaki et al. 2002) . Interestingly, Elongin C (TCEB1) has been shown to be overexpressed and to promote invasion of prostate cancer cells (Jalava et al. 2009) metastatic SI-NETs, using a variety of techniques, such as LOH, CGH, CGH-array, SNP analysis, and SNP-array (Kytola et al. 2001 , Löllgen et al. 2001 , Tonnies et al. 2001 , Stancu et al. 2003 , Wang et al. 2005 , Kim do et al. 2008 , Kulke et al. 2008 , Andersson et al. 2009 , Cunningham et al. 2011 , Walsh et al. 2011 . Perhaps the most conspicuous finding is the observation of frequent loss of one copy of the whole chromosome. Smaller deletions not necessarily overlapping have only been found in a few tumors (summarized in Cunningham et al. (2011) ). Mutational analysis of candidate tumor suppressor genes have been performed for SMAD4, SMAD2, and 18 additional genes in the 18q21-18q22 region, without identifying any mutations (Löllgen et al. 2001 , Kulke et al. 2008 , Cunningham et al. 2011 . Massively parallel exome sequencing of SI-NETs in one study did not reveal recurrently mutated genes , but recent analysis of a different tumor cohort identified a relatively low frequency of recurrent mutations (w9%), in the cyclindependent kinase inhibitor gene CDKN1B on chromosome 12p13.1-p12 (Francis et al. 2013) . Imprinted genes are of particular interest in cancer because only one mutational hit is required to fulfill the Knudson's two-hit hypothesis of tumor suppressor genes. The imprinted allele is normally inactivated by epigenetic mechanisms, in a way that could be tissue specific (Ferguson-Smith 2011 , Uribe-Lewis et al. 2011 . TCEB3C is currently the only known imprinted gene on chromosome 18 (http://www.geneimprint.com) and is located at 18q21.1. The data presented in this study strongly support a putative role of TCEB3C as tumor suppressor in SI-NETs. The majority of tumors had one TCEB3C gene copy (in 40/45, 89%), showed prominently reduced expression of Elongin A3 (in 20/26, 77%) and overexpression led to a decrease in clonogenic survival of SI-NET tumor cells and not of control cells. Epigenetic repression of TCEB3C expression was found to be SI-NET cell-specific and regulated by DNA and histone methylation. Gene induction after treatment with 5-aza-dC or DZNep could in principle also be due to indirect effects, although perhaps less likely here as both compounds strongly induced expression of TCEB3C. 5-aza-dC induced TCEB3C expression in the cultured primary SI-NET cells containing either one or two copies of the TCEB3C gene, supporting the possibility that the gene is imprinted in this cell type. Heterogenous Elongin A3 expression, including the lining of positive cells around negative insular cells, as was observed for 14 SI-NETs, may be understood by the reversible nature of epigenetic deregulation of gene expression. Further studies on a putative role of TCEB3C (Elongin A3) as a tumor suppressor gene in SI-NET cells are warranted and it will be of interest to investigate a possible role of Elongin A3 in ubiquitination.
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